We report a process which integrates interference lithography, nanoimprint lithography, and anisotropic etching to fabricate replicated diffraction gratings with sawtooth profiles. This new process greatly reduces grating fabrication time and cost, while preserving the groove shape and smoothness. Relief gratings with 400 nm period inverted triangular profiles and 200 nm period gratings with 7°blaze angle were replicated from silicon masters with surface roughness of less than 1 nm. This process was developed for fabricating the off-plane blazed diffraction gratings for the NASA Constellation-X x-ray telescope.
I. INTRODUCTION
High efficiency diffraction gratings are important in a variety of applications, such as optical telecommunications, lithography, and laboratory spectroscopy. 1 Special interest has been placed on blazed diffraction gratings for their ability to enhance diffraction intensity at the specular reflection angle. Fabrication of blazed diffraction gratings with spatial periods in the order 0.1-1 m has thus been an interesting area of research.
Traditional blazed gratings have been mechanically scribed by diamond-tip ruling engines. 2 However, this process is slow and the grating groove suffers from rough surfaces, rounded edges, and numerous other problems. Blazed gratings can also be fabricated using directional interference lithography to obtain a blazed resist profile, followed by ion etching to transfer the pattern into the substrate. 3 Challenges arise when trying to match the etch rates of resist and substrate, and any roughness on the resist surface will transfer to the substrate. Another fabrication process patterns gratings on off-cut ͑111͒ wafers with interference lithography, followed by anisotropic etching to achieve blazed grating profiles. 4 This process results in groove surfaces being atomically smooth and blazed at the desired angle. However, since the blazed angle is determined by the off-cut angle, specially oriented wafers must be used. For large grating areas, such as required for NASA's Constellation-X x-ray telescope, the fabrication process can be costly and time consuming. By integrating this process with nanoimprint lithography ͑NIL͒, fabrication of blazed diffraction gratings can be tremendously eased.
NIL is a promising lithographic technique for replicating patterns on the nanometer scale. 5 We report an application of so-called step-and-flash imprint lithography ͑SFIL͒. 6 In this technique a UV-transparent mandrel with an etched pattern is pressed into a low-viscosity UV-curable liquid over a substrate. The liquid is cured when exposed to UV light, and after separation a replica of the pattern on the mandrel is imprinted on the substrate. We have developed an alternative SFIL method that utilizes an opaque mandrel and a transparent substrate. The mandrels used for replication are patterned by interference lithography 7 and anisotropically etched into the silicon substrate. 4 We successfully replicated 400 nm period gratings with inverted triangle patterns and 200 nm period gratings with 7°blaze angles over areas in the range of 40 mmϫ40 mm.
II. MANDREL FABRICATION
The 400 nm period inverted triangular profile grating was fabricated using ͑100͒ silicon wafers, using a process depicted in Fig. 1͑a͒ . The wafers were coated according to a bilayer resist scheme that consists of 30 nm of silicon nitride, 130 nm of antireflection coating ͑ARC͒, and 380 nm of photoresist. This configuration represents a local minimum in reflectivity at the resist-ARC interface. The coated wafers were patterned with 400 nm period grating lines parallel to the ͓110͔ direction using interference lithography. The wafers were then reactive-ion etched ͑RIE͒ with O 2 and CHF 3 to transfer the grating pattern into ARC and nitride, respectively. RCA clean was used to remove the remaining resist, ARC, and any polymer that formed during the CHF 3 RIE process. Using the nitride as mask, the Si substrates were anisotropically etched in KOH to produce atomically smooth a͒ Electronic mail: chichang@mit.edu facets with angles close to the theoretical value of 54.7°. The nitride mask was then removed in concentrated HF.
A similar process was used to fabricate the 200 nm period blazed gratings, depicted in Fig. 1͑b͒ . The wafers used had their surface normal rotated 7°from the ͓111͔ direction along the ͓11 0͔ axis. This angle has a Ϯ0.5°tolerance as specified by the vendor. The offcut ͑111͒ planes are illustrated in Fig.  1͑b͒ . The wafers were coated with 30 nm of silicon nitride, 49 nm of ARC, and 200 nm of photoresist. A thinner resist layer was employed to reduce the aspect ratio of the resist after being developed. The ARC thickness was selected so that the reflected power is at a local minimum at the resist-ARC interface. The wafers were patterned with 200 nm period grating lines parallel to the ͓11 0͔ direction. The grating pattern was transferred with O 2 and CHF 3 RIE. When these wafers are etched anisotropically in KOH, the offcut ͑111͒ planes form the blazed profile. Since the mandrels were anisotropically etched, the surfaces are expected to be atomically smooth. rms roughness of around 0.6 nm were measured using atomic force microscopy ͑AFM͒. The finished gratings are shown in Figs. 2 and 3 . 
III. IMPRINT PROCESS
The silicon gratings were die-sawed into dimensions around 40 mmϫ40 mm to be used as mandrels for the NIL process. Since silicon exhibits high adhesion energy, 8 a thin film of a low surface energy material such as fluorocarbon is needed to promote release. First, any organic contaminants adsorbed on the surface of the mandrel were cleaned in an UV/ozone chamber for 3 min, and then tridecafluoro-1,2,2,2-tetrahydrooctyltrichlorosilane ͑FOTS͒ was vapor evaporated over the mandrel. A thin alkylsilane film forms and is cured at 100°C for 5 min. After dispensing a drop of polymer precursor, formulated as described by Bailey et al., 9 a fused silica wafer was placed on top of the mandrel. Vacuum suction was utilized to apply the necessary pressure to ensure good contact between mandrel and fused silica wafer. UV light (ϳ400 nm) was then transmitted through the fused silica wafer with a dose of 100 mJ/cm 2 to crosslink the polymer. After separation, the imprinted wafers are coated with Cr and Au to ensure high reflectivity at grazing incidence in the x-ray band.
IV. RESULTS AND DISCUSSION
The replicated gratings show excellent surface uniformity over the area that was imprinted. No apparent release damage was observed over the imprinted area. An image of the replicated 400 nm period inverted triangular grating was scanned using an AFM and is shown in Fig. 4 . The surface of the sidewalls has a rms roughness on the order of 0.8 nm. The AFM data was obtained using a multiwall carbon nanotube (dϳ20 nm) mounted on a regular AFM Si tip. The replicated grating exhibits an inverted profile of the mandrel with high conformity. The rounded edges shown on the AFM images may be artifacts due to the tip's finite dimension. SEM images of the same imprinted grating show sharp edges ͑Fig. 5͒. The small ripples at the bottom of the imprinted gratings may be caused by the elasticity of the material.
Since the ripples are perpendicular to the grating line direction, they could be the result of the polymer stretching and springing back during cleaving of the sample. The micrograph was taken at close proximity to the cleaved edge.
Replication from 200 nm period gratings with 7°blaze angle yielded similar results, as depicted in Fig. 6 . Note that there are some ripples in the image caused by noise along the tip scanning direction. The area of greatest interest is the blazed surface, on which the reflection efficiency depends. The 7°blaze angle is well preserved. The roughness on the blazed surface was measured to have a rms roughness in the order of 0.8 nm. Based on the mandrel, the blazed facet should extend only about 130 nm between grating lines. Examining the AFM image, the slope changes abruptly where the blazed surface stops. The trenches that should be imprinted in the replicas cannot be scanned due to the limitations of the AFM tip. SEM images of another blazed replica sample show high profile imprint fidelity and smooth surfaces ͑Fig. 7͒. Some minor edge rounding can be observed.
The inverted profile seen in the replicated grating has a significant advantage over its mandrel for applications in x-ray spectroscopy. For in-plane diffraction gratings where the plane of incidence is normal to grating lines, x rays diffract efficiently only at grazing incidence. The nubs in the mandrel above the blazed surface cause unwanted scattering and strong shadowing. 10 For diffraction gratings in an offplane mount, where the plane of incidence is parallel to the grating lines, the nub's rectangular wall profile is not blazed and will cause diffracted intensity symmetric about the 0th order, reducing the blazed effect ͓Fig. 8͑a͔͒. The blazed facets of the imprinted grating leave the optical path of the x rays unblocked, as depicted in Fig. 8͑b͒ .
The imprinted gratings demonstrate high imprint pattern conformity, but their efficiency as replacements has yet to be tested. Minor rounding of edges is expected during the imprint process, and can be observed in Fig. 7 . The rounding will result in loss of higher order diffraction efficiency. However, the rounding is difficult to quantify, and x-ray diffraction measurements need to be performed. The roughness of the imprinted surface is also not well known. The AFM scans have considerable noise; point and scan defects can be observed in Figs. 4 and 6. The 200 nm period grating with 7°b laze angle, as shown in Fig. 3 , was measured to have roughness around 0.6 nm by AFM. The same grating was measured to have high efficiency at an x-ray diffraction testing facility at the University of Colorado. 11 We believe the actual roughness is lower than measured and the AFM roughness results are inconclusive. The replicated gratings seem promising, and x-ray diffraction efficiency measurements are planned for further evaluation.
V. CONCLUSION
We have developed a process which integrates nanoimprint lithography, interference lithography, and anisotropic etching to replicate diffraction gratings with sawtooth patterns. We fabricated 400 nm period gratings with an inverted Diffraction efficiency measurements will be conducted to examine the performance of the replicated gratings.
